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Abstract

Version6.0 of the IFCI code ibeing assessed by comparing predictions agdiestsults of the
MAGICO-701, MIXA-6, KROTOS-26, KROTOS-38, and single-drop oxidatexperiments.
To date,all but the KROTOSxperiments have been simulated with sdewel of success.
Agreement with the MAGICO-70&xperiment was goodut waslimited somewhat by the
inherent problem of numerical diffusion. Resultshaf MIXA-6 calculations were comparable to
those of CHYMES, butlearly displayedhe need for amter-cell radiationtransportmodel in
IFCI. The extent of the single-drop oxidation was correctly prediatbth 33%,which reflects
the oxidation correlation used within IFCI.

Attempts to modethe coarsenixing stage of the KROTO®xperimentsre still hampered by
numerical stability problemassociated with subcooling. The problem has been assomitited
the pressure solution tells containingsmall quantities of vapor and some quantityfudl, but
further study is necessary to correct the problem.

In order to demonstrate thepability ofIFCI to model acoustic and detonation waves, the
KROTOS-26 trigger pulse was modelading an assumecbarsemixing configuration. The
response of three of the transducers located in the solid-water section correspeihadéd the
data. However, thealculation indicatedhat the pressur@ave dampeaut inthe multi-phase
regionwhich contained 20% vapor. Furthekamination othe detonation data suggested that
the coarsenixing region might be 2-dimensional. A successharsemixing calculation will be
necessary in order to fully understand the apparent anomalies in the KROTOS-26 data.
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1. Introduction

The Integrated=uel-Coolant|nteraction (IFCI) code is designed to motied mixing of molten
nuclearreactormaterials withreactor coolant (water). It designed to handle, witharying
degrees ofempiricism,the four stages of fuel-coolant interactions: coamséng, triggering,
detonation propagation, arydrodynamic expansionlFCI contains models foboiling rates,
flow regimes,dynamic meltfragmentation, surface tracking, subcooling effects, melt oxidation,
triggering, and propagation of the shock. ThpeBenomenaare essential tahe nodeling of
fuel/coolant interactions. IFCI is under development at Sandia National Laborégidtlesand

is sponsored by the Unit&tatesNuclear Regulatory CommissioDffice of Nuclear Regulatory
Research (USNRC/RES).

In order toassess the current version of toele, predictionsnade by IFCI were compared to
five experiments from four different experiment series: MAGICO-701, MIXA-6, KROTOS-26,
KROTOS-38, and a single-drop oxidation experimevithile thesefive experimentsare but a
small number ofthose that have been conductdtky represent a broad rangepbienomena.
The MAGICO and MIXA experiments focuseshly on coarse mixing phenomena. The
MAGICO experiments utilizethot, stainless steel spheres heatedelatively low temperatures
and measured the stearmlume fraction duringnixing. The MIXA experiments useuolten
urania at highhemperature and measured the steam genenatien The KROTOS-2Gnd 38
experimentsattempted toexaminethe properties of propagation Astificially triggering an
explosive reaction. The single-drop oxidation experiment meathedd/drogen generatioate
of a single molten steel drop.

This documenpresents the results of therk conducted to date. Direcomparisons between
experimentatlata and IFCtalculationsare presented for the MAGICO-701, MIXA-6, atiidbp
oxidation experiments. Progress on the KROTOS-26 ark@&iments remains constrained by
numerical stability difficulties. Insights on the KROTOS-26 experiment are presented.
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2. MAGICO-701
2.1 Experiment Geometry and Results

The MAGICO experiments [1] wemesigned
to measure the vapaolume fraction in the <—20cm —
region of themelt without the complicating e
phenomenon of particle breakupThis was
accomplished by droppinpot steel (SS316)

balls from aperforated plate into a pool o D
water at the saturation temperature. T e s s e s e s
water was contained in a rectangulassel
(406 mm square by 355 mhigh) made of
tempered glass. The progression of the 49
particles downward in the pool and tf
resulting increase in thevater level were
recorded by video camera. The vide
indicatedthat there wadittle radial spreading

of the boiling region. Based uporthis

.l....
.l....

‘/Perforated
P

observation, the average vapovolume <« 40cm
fraction (0vapr) Was computed from the
equation: Figure 1 Schematic of MAGICO-701 as
_ (h h)Od o, O Modeled in IFCI
O vapor = % ( 2'1)
front pour

whereh is the watemheight at theouter circumference othe pool, and.q.n iS the penetration
depth of the steddalls inthe pool. This equation ignorethe volume fraction othe steeballs,
which is estimated by the authors [1] to be less than 2%.

A number of combinations ofhitial water depths @, Table1l MAGICO-701

particle temperatures and diameters, apaur Experiment Parameters
diameters (g.) definedthe tesseries. The MAGICO

701 testhad the parameters listedTiable 1. Theball Ball Temperature 550 C
velocity at the base of the perforated plate was | Ball Diameter 2.4 mm
measured at 72 cm/second. The ball volume fraction at| Pool Depth 25cm
the perforated plate was measured at 1.87 %. Free fall Distance 15cm

2.2 Comparison of IFCI Predictions with Experimental Measurements

The MAGICO-701 experiment domain was modeled as a right circyllader, having amuter
radius of 20 cm. and a height of 40 cm.ofder tocheck fornumerical diffusion (Appendix A),
threemeshresolutions were used tnodelthe MAGICO-701 experiment. The coarmsedium,
andfine meshegontained 32, 64and 104axial cells, respectivelyAll of the meshes contained
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10 radial cells. The cell heights and radial lengthse uniform throughout thedomain. The
entry of steeballsinto the experiment was modeled byflax condition at thetop half of the
domain. Steam was allowed to escape ftoenouter threeells atthetop ofthe domain. The
input deck for the MAGICO-701 model is located in Appendix G.

The distribution ohot particles in the
water 0.23 seconds aftigitial entry is 25
shown in Figure 2. The plot shows

the predictedsolume fraction of steel

Coarse Mesh

balls atthe centerline aD.23 seconds — 20 Medium Mesh :
after initial impact with the water & _ '
surface. ~ The volume fraction isZ Fine Mesh

S
>
&
D
wn
[
=
Q
(@)
D
o
o,

approximately 2
the water. Therolume fractionstarts
to decline at an elevation of abou
15 cm to a value odbout 0.35 % at
an elevation of 5 cm.

[y
o

Elevation in Wa

The plot illustrates thelifferences in
predictions between the coarse,
medium, and fine meshes. The

medium and fine meshesshow a 0 0.005 0010 0015 0020
particle frontthat is on the verge of Particle Volume Fraction

touching the bottom of the containeFigure 2 Distribution of Particulate in Water at
The coarsemeshshows a front that Centerline (0.23 sec)

has already reachedhe container
bottom and the particulateeginning toaccumulate. The differences betwdlea predictions are
most likely due to numerical diffusion. (Appendix A)

Particle motion is ot, in ofitself, diffusive in nature. However, the use of &ulerian
(stationary) grid to model particle motion addsaatficial diffusive component to th@aumerical
solution. This results ithe smearebtbading edgéhat isevident in Figure 2. This meatisat the
analyst musthoose a thresholblume fraction to definéhe calculated particle front. Thalwe
for the threshold volume fraction is based upon the full range of the volume fraction ahdpbe
of the spatial profile. Figure 2 showbat themaximumpredicted particlesolume fraction is
between 0.015 and 0.01For this analysisthreshold values dd.0005 and 0.005 were chosen
and used to calculate the advancement of the particle front.diffékence betweethe two
calculations (based up@0005 and 0.005) is a measure of the uncertainty icalbalation due
to numerical diffusion.

Figure 3 compares the measured front advancement with the IFCI predisiiogs threshold
volume fraction of0.0005. The decreasing slope of tii&ta indicates a frontthat slows
somewhat with increasing time. Althoutite data does nshow the exadime whenthe front
arrives at the containdottom, extrapolation of the data suggests a trénsst of approximately
0.35 seconds. IFCI predicts the location of the front accuratebarft times,but does not
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exhibit the slowing ofthe front to the 25 7

4

samedegree as the data. Th#ect of Coarse Mesh—_ [ IS
meshing is evident ithe predictions. o
The coarsemedium, andine meshes 20 . 4 .' <>

show total transitimes 0f0.22, 0.25,
and 0.28 seconds, respectively.
Increasingly finer meshes improve the

t (cm)

emen
=
al

calculation ofthe total transitime. & MAGICO
>
None of the meshes produce the = 10 Data
decreasing slope seen in the data. IS
L
The average vaporolume fraction in
the region behind the advancing front is
shown in Figure 4. Thdata shows an
increase to approximatel®.28 % at 0
about 0.2 sec, aftewhich it remains 0 005 01 015 02 02 03
approximately constant or declines Time (sec)
somewhat. The IFCI predictions comgigyre 3 Advancement of the Front of Hot
reasonably close tohe experimental Particles (Threshold=0.0005)

data up through thealculated sphere
settling time. The coarsemesh

0.35

underpredicts the data wmtil the predicted transiime of 0.22 seconds (shown asvertical
dottedline. The mediumandfine meshesreprogressively closer tthe data over the predicted

transit times of 0.25 and 0.28 seconds (also shown as vertical dotted lines

Figure 5 shows the predicted front
advancement for a front threshold

value of 0.005. Theincrease in the 03
§elected threshold volgme fraction 03 MAGICO Dat
improves the  comparison between ™ _ \ <>-~
predicted and measured front positions Fine Mesh——
especially at latter times. This samat 025 %" b
increase in chosen threshold valueE: MediumMeshT\‘A , E :
raises slightly the predicted averages 02 c b P

. L. oarse Mes i
steam volume fraction withithe melt % . /7\ :
zone (Figure 6) and decreases th% 0.15 . /
mesh-dependence. 2 .

§ 01 Spheres hit .

bottom in:

It should be emphasizedhat the
differences betweenFigure 3 and 0.05
Figure 5 and between Figure 4 and

Coarse Mesh ——»!
Medium Mesh ——+——>
Fine Mesh——t———».

Figure 6 are a result of interpreting the 0
samecomputer run. The source of the
problem isthe diffusive nature of the

0 005 01 015 02 025 03
Time (sec)

0.35

numerical approach used to Ca|cu|at5igure 4 Average Steam Volume Fraction in the

Particle Region (Threshold=0.0005)
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particle convection. This problem is 25 7 .
not unique to IFCI, and should be Coarse and
found in similar codeswhich use an Medium MeSheS—\

Eulerian grid and  donor-cell 20 7
differencing.

7 . ‘o
<
Fine Mesh

L4
*
*

t (cm)

While the choice of the threshold value & 1°
for defining the particle front is g
somewhat subjective, it i®lievedthat
the range of thresholhlues examined
in this analysis igeasonable. Within
this range, it appearsthat IFCI
predictions  for  particle  front
advancement and average vapor
fraction arereasonably close to the
measured data. However, the 0 005 01 015 02 025 03 035
demonstrated dependence of the Time (sec)

prediction upon the grid resolutiofigure 5 Advance of the Front of Hot Particles
suggests thdtner meshesrelikely to (Threshold=0.005)

produce more accurate predictions.

MAGICO

10 Data

Front Advancem

0.35]
. N
0.3 I |
E L o
g 0.25 s
I-; Coarse Mes :
5 0.2
S .
e
S MAGICO
& 0.15
% Data
§ 01 Spheres hit Do
z bottom in: Vo .
V2 Coarse Mesh ‘_’E :
0.05 ': <& Medium MeshT—>: '
R Fine MeshT—r———
0®

0 005 01 015 02 025 03 035
Time (sec)
Figure 6 Average Steam Volume Fraction in the
Particle Region (Threshold=0.005)
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3. MIXA-6
3.1 Experiment Geometry

The MIXA experiments [2,3] werdesigned
to measure steam producticate during the oo

g —>eoe A2 m
coarse mixing stage of fuel/coolant e
interactions. A molterfuel simulant(81% ase T L
UO,, 19% Mo) was poured over grid of Eé?g}:rt—/ cee
carbon barswhich produced 16 streams of __ . iy 0.43 m
molten material. These strearbeoke up ~ SKirt i ¢
into droplets having a diameter of .
approximately 6 mm. Ateel tubehaving an oee
inside diameter of122 mm wagplaced oo
immediately below the carbon bars to 1.60 m
constrain the lateral spreading of thmelt.
The length of the tube was varied between
individual experiments. In the MIXA-6

experiment, the tube length was 480 mm.

|

The molten materia(3.0 kg for MIXA-6) 0.60 m

was released into a pool wfater fom an
elevation ofabout 1 m. The water pool was
square in cross section (0.37 m eaale)
with a depth of0.6 m. The water was
initially at saturation temperature at a
pressure of 1 atmosphere. The volumetric .
steam flowrate wasmeasured by a vorte>t<'EI igure 7 _Schematlc of MIXA-6 as Modeled
flowmeter connected to théop of the in IFCI

experiment chamber by B00 mm diameter

ventline. Pressure in the gas region of ttleamber was measured using strain gauge pressure
transducers.

<042 m—>

3.2 Incorporation of Pressurization in IFCI

The MIXA-6 experimentisplayed an increase pmessure from amitial value of0.1 MPa to a
peak pressure of 0.13 MPalhis corresponds to an increase in the saturation temperature of
approximately7.5K. If thesystemwerewell stirred, this amount of subcooling would be more
than enough to condense all of the steam measured in the experiment (Appendix B).

The IFCI code incorporates the effects of subcooling in its calculation of steam generation rate. It
was therefore deemed necessaryirtdude the pressurization of thest chamber in the
calculation. This is done ifCI by computing areffective flowarea for the outflow boundary
condition.
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Order ofmagnitude estimates indicateat viscous drag on thealls of the vent tube was too
small to explairthe pressure drops measured in the MIX@xperiment. This means that the
pressure drop is mokitely due tokinetic losses ahe entrance of the vent tube and atttireat

in the vortex flowmeter. These types of pressure loAf9safe usually modeled by the equation

. k
— 2. — }
AP _Kpstearr(Qstear)l ’ K_2 Az (3 1) '.'MHL

where Qsieam IS thevolume flow rate of
steam (r¥sec),A is theflow area of the
pipe or component (] Pseam iS the o2k
steam density (kg/fjy andk is a loss
coefficient (dimensionlessthat is a
function of the geometry. Thalue for
K in this analysis isderived from the
published data for the MIXA-6
experiment.

Fressure [{MPol

The chamber pressure (Figure 8) and 1

steam volume flowate Eigure 9) for o1
MIXA-6 were published asseparate T s
curves in Reference 3. The curve
themselves, deserve some scrutiny. Tu.c
time basefor the pressure curve is th'éIg
“time after the melt arrives at (the) water
surface.” By comparison, thiene when
the melt arrives atthe pool 1.500
surface isclearly marked in
Figure 9 betweer0.3 and
0.35 secondsThis suggests
that“time” in Figure 9 refers
to thetime after initial melt
release. If theseme axes
are correctlylabeled, then
the peak pressure occurre
approximately0.32 seconds
after the steamflow rate
peaked. This might be
possible if water were 4600 L
transported into the oo :
flowmeter, choking thélow Time {3}
of steam in the meter throa
Another possibility is that
thetime axis ofthe pressure

1|'5 El-l:l
Time After Melt Arrives A1 Woler Sorfoce (s)
ure 8 The Measured Pressure in the Gas
Space for Experiment MIXA-6
[copied from ref. 3]

——— T 1 T ¥ T

o ap i mrly featid vedie| hiie ih g3 perumtsy

0500 |-

Steam Flow Rate (m¥/s)

Wfigure 9 The Transient Steaming Rate: A Comparison of the
Calculated Values with the Experimental Data
[copied from ref. 3]
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curve was mislabeled. If the time on the pressure curve wetim#edter themelt was released,
then the peak pressure and the peak steam flow rate would correspond.

Both of thesepossibilitiesare plotted on the pressure-drop/flow-rate curve shovagime 10.
The ordinate of this plot ithe product of theteam density (based updime pressure and
assuminghe saturation temperature) and the square of the stdame flowrate. Theabscissa
is thedifference betweethe pressure and thatial pressure. If théabels ofthe ordinates of
Figure 8 and Figure 9 aworrect then the curviabeled “unmodified” isappropriate. If the
ordinate label of Figure 8 is incorrect, then the curve labeled “modified” is appropriate.

The initial behavior oboth of these curves is consistent with equaBidn The pressuracrease
in both curves increasérearly with theproduct of nass flowrateand volume flowate. The
“unmodified” curve has a slope of 8106"rfor the first0.65 seconds after thmelt is released.
The “modified curve” has ainitial slope of 40816 hfor the first0.89 seconds after theelt is

released.

Both curvesexhibit a behavior inconsistent widguation 3-1 as the stediow rate decreases
(>1.0 seconds after thmelt is released). Neither curvetracesitself as isexpected. The
“unmodified curve” shows the pressure drop tocrease as thdow rate decreases. The
“modified curve”shows the pressure droearly invariant duringhe same period of timeThis
suggests thaaomething happened tbe instrumentation during the experiment. Possibility

3.5+ 104

3.0+ 104 [ 1
Modified

25104 — Curve ]

20.10¢ - Unmodified

=
< Curve
S
@ 1.5+ 104 .
7]
&
L 1.0410% .
05+ 104 [ T .
ST N K=8106
0 ] ] ] ] ]
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Steam Density x [Volume Flow Rate]? (kg-m3/sec?)
Figure 10 Pressure-Drop/Flow-Rate Curve for the MIXA-6 Experiment
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is that water collected in the flowmeter. Anotlpassibility is that the steam temperature
increased. In either case, it suggests that the data may not be reliable after about 1 second.

In the absence oflarifying informationi, the “modified curve” was chosen as tlasis for
calculatingthe outflow area used in the IFSimulation. The pressudrop across the outflow
boundary condition in IFCI is computed from the equation:

1

AP=——
(Aivire)’

p steam (Q stear) ? (3'2)

The exit area used in IFCAi irc)) IS determined by comparing equation 3-2 to equation 3-1.

1
Aexit, FCl — W

Using this equation andhe “corrected curve”, the outflow area to be used in IFCI is
4.9497 x 16 m”.

(3-3)

The exit arealeiric Should not beinterpreted as a flonarea actually occurring in the
experiment. Pressure losses are expecteddor intwo locations: at the entrance of the vent
tube and at the throat in the vortex flowmeter. Each of these locationawdllitsown loss
coefficient k in equation 3-1). Thenplied loss coefficient used in IFCI is 2 (compare equations
3-1 and3-2). Therefore thexit area used in IFCRexitiric, Should be interpreted as a composite
fitting coefficient derived from the measured pressure-drop/flow-rate curve.

3.3 Comparison of IFCI Predictions with Experimental Measurements

The IFCI predictions for steam generatrate (labeled as “IFCI Calculations with Subcooling”)
are shown in Figure 11 with tliata from the MIXA-6experiment. IFCklearly underpredicts
the steam generatiorate byapproximately afactor of three. Onlyminor differences exist
between the three meshes (11x36, 11x56, 11x96).

The experimendata, itself, suggestone reason for theisparity between measurement and
prediction. The datalearly shows asignificant steam generatiorate before themelt hits the
water. Sincethe volume of melt displacinghe existing steam is relativeamall, thisinitial steam
generation measurement can be attributezhlptwo effects: 1) heating of the steam by thelt
falling through the steam, and 2) steam generation in the water due to rafi@tiaie falling
melt. Appendix D contains an order-of-magnitadalysis thashows that the latter of these two
possibilities could easily account for the measurement. Itpessiblethat both phenomena

! Brian Turland at Winfrith had been contacted about this anomaly. His investigations intlieatéapublished
reports were consisteniith the data logs.This informationwasnot returned to us until tH&CI calculation had
been completed. Howevéhe IFCI calculationslearly underpredicthe steam generation ragad,consequently,
the pressurization. Therefore, thee ofthe “modified” curverather than théunmodified” curve is noexpected
to change the quality of the comparison with the data.
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Fiaure 11 Steam Production Rate CalculatedwIFCI

contribute to the observation. Neither is modeled in IR@Ich models radiationnly within a
cell.

Inter-cell radiationmay also be necessary fthhe accurate description of heat transiging
coarsemixing. Currently, the radiative heat transfer betweemibl andthe watemvithin acell
(Erad) in IFCI is modeled as:

Erad = Areanelto- (T - T 4) a water (3'4)

melt water

whereayaer IS the watevolume fraction irthat cell. Whilethis is a reasonable estimate of the
radiative heat transfer to tinaterwithin the cell, the totalradiative loss from thenelt should be
independent of the celatervolume fraction. Physically,the balance othe radiative losgom

the melt would be transferred tthe water in adjacewkells. By neglecting this “inter-cell”
radiation transport, IFCI underpredicts both the cooling rate of the melt and the consequent steam
generation rate.

The case for an inter-cell radiation model is strengthened byaamination othe transmissivity

of water.Table 2 shows the fraction of energy radiated by the melt that is absorbed by water. The
absorbed fraction increases with the path length invditer and decreas@sth increasingmelt
temperature. The table indicates thpproximately60% of the energy radiated from a 3500 K
source across a cell 20 mm wide (tadial cell size used ithe IFClanalysis ofMIXA-6) would
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be absorbed by the water in that cell if th&able 2 The Fraction of Thermal Energy

cell contained nothing but water. If the Absorbed as a Function of Melt
cell had only 50% waterthen Temperature and Path-Length
approximately 30% of the radiated energy (copied from ref. 4)
would be absorbed in that celiith the Path Fraction of Incident Energy
balance being transmitted into the| Length Absorbed
adjacent cell. These numbessiggest (mm) T=1000 K T=2500 K T=3500 K
that thetransmissivity ofwatershould be 1 0.967 0.599 0.343
included in an inter-cell radiation mod¢! 10 1. 0.756 0.526
in order to correctly predict théocal 15 1 0.786 0.560
steam generation rate. 20 1. 0.806 0.585
L _ 25 1. 0.822 0.604
Pressurization-induced subcooling alfo 3 1 0.834 0.620

contributed to the low steam generation
rate predicted by IFCI. In order to

estimate the subcooling effects in the IE@lculation of MIXA-6,the total heat transferrdidbm

the melt tothe water waslivided bythe steam heat of vaporization and the stdansity. This
quantity is plotted irFigure 11 as “IFCI Calculation without Subcooling (11x96 mesH)iis

curve is less than, but comparable to, the CHYMES (a fuel-coolant interaction code developed by
Fletcher and Thyagaraf@991) atAEA CulhamLaboratory) predictionwhich assumesaturated
conditions. The difference between this curve tedIFClcalculationgthat include subcooling
confirms that subcooling cannot be ignored.

The subcooling models in IFGIre, as yetnot assessed. It is cle#rnat inter-cell radiation is
important to thesuccessful modeling dhe MIXA-6 experiment, anthat it will increase the
predicted steam generatioate. Aninter-cell model would also decreaffiee amount of
subcooling in thevicinity of the meltwhich would affect the predicted condensatrate. It is
thus concluded that theubcooling models can be evaluated in experiments mgh melt
temperaturesonly after a reasonable inter-cell radiation model has heeluded in the
calculation. The subcooling models could be better assessed using an expdmiotentilizes
hot solid spheres and, in whiclthe steam generatioate is measured. The relative low
temperature of the solid spheres would minimize the radiation component of the heat transfer, and
the absence of particle breakup wolfitdthe particle surface area. Itpgssiblethat one of the
QUEOS experiments [5] would be suitable. Thethors are in contaavith the QUEOS
experimenters to determine if such an experiment has been conducted or is planned.
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4. KROTOS-26 and KROTOS-38

4.1 Experiment Geometry

The KROTOS 26 and 38 experiments [6] were designed to obfammation onthe shock
propagationwithin atriggered fuel-coolant interaction. In the KROTOS-26 experinmeaken
aluminawas released into subcooldter andallowed tomix for approximately 2 seconds after
theinitial release. Athat point, ehigh pressure gas container at the bottom of the veatemn

was punctured, producing a pressure wthet propagated through the melt/wateixture.
Pressure transducers located in the watemnrecorded the passage of the pressure wave after
triggering. In the KROTOS-38 experiment, fael coolant interaction triggered spontaneously
at approximately 1.3 seconds without the puncturing of the high pressure gas container.

The KROTOS 26 and 38 experiments differed primarily in the test-section diameter, the degree of
subcooling, and thmelt mass. Th&KROTOS-26 experiment was conducted iwaer column

that was 0.089 m in diameter. Tiest section for KROTOS-38 was 0.2 m ghameter.
Additionally, the KROTOS-38 subcoolin@9 K) wasnearlytwice the KROTOS-26subcooling

(40 K). Table 4 contains thexperiment parametespecific to each experiment. Table 3 contains

the locations of the pressure transducers.

Table 4 KROTOS Experiment Parameters Table 3  Pressure Transducer
Locations
KROTOS | KROTOS Transducer Elevation in Water
26 38 Number (mm)
Water depth 1.12m 1.105m KROTOS | KROTOS
Melt mass 0.93 kg 1.533 kg 26 38
Melt Temperature 2573 K 2665 K KO 0 0
Water Temperature 333 K 294 K K1 190 150
Water column diameter, 0.089 m 0.200 m K2 390 350
K3 590 550
4.2 IFCI Calculations K4 790 750
K5 990 950

In order to predict theffects of the triggepassing

through thealumina/water mixture, IFCI must calculatiee falling and coarsenixing that
precedes the trigger. Attempts to perfaims calculation have only been partially successful.
With all codemodels turnedn, IFClcalculated the KROTOS-2@ixing stage to about 0.35
seconds.With the condensatiomodel turned off, IFCI calculatale KROTOS-26nixing stage

to 1.48 seconds before thiene step became impossibly small. Th&iggests that there is
something about the condensation process that IFCI does not yet handle well.

In order toconfirm that theproblem wasot afunction of thespecificKROTOS-26 geometry,

the KROTOS-38nixing was also calculated. To further differentidie analysesthe melt was
introduced into the IFCinodel as an infloveondition (AppendixE). Itwas feltthatthis would
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presentless severe numerical conditiotisan the
initial cylinder of melt modeled in KROTOS-26
(Figure 12). Unfortunately, the results of tt
KROTOS-38 mixing calculation werssibstantially the —
same asthose for KROTOS-26: watesubcooling

presents aumerical problenfor the IFCI code. The

problem has been associated with a bad solution ir

pressure iteration iwhich there is asmallamount of 505 1
gas. Further investigation will be necessarnsatve

the problem. A

Initial melt
location

Even though the condensation had to be tuafietb 1.035m
run the KROTOS-26 predictioout t01.48 seconds, 12 m
it is still interesting to examinéhe results. Théeft 1.033m
side of Figure 13 showthe predictednelt volume

fraction at 1.48 seconds. The rightle shows the (¢ 089m -
liquid volume fraction at the same time. The lower
of arrows indicate thenitial water level in the
experiment(1.12 m). The upper set of arrow
indicatethe water overflowevel (1.035 msee Figure _. .
12). The x-axes of the plots are thdial coordinates':Igure 12 Schematic qf KROTOS-26
with the centerline atthe left edge. The height-to- as Modeled in IFCI

width dimensions in Figure 1&8e distorted, but are correct in Figure 12.

—

Yy Y

The map of melt volume fraction shotimat themelt has descendeadbout 3/4 of thelistance to
the bottom on the outgreriphery. The melt hasot penetrated dar in the center.This is
because the vaporrising inthe center and iselping to levitatehe melt inthe center region. A
considerable amount of molten material appears to have accumulatbé ahoulder at an
elevation of 1.033 m (see Figure 12 to identify location of shoulder).

The map ofthe liquid region indicateshe presence of vapor through about 3/4 of the water
region. Vapor that is generated at fleziphery ofthe testection is migratingadially inward
where there is nmelt present. Some watdras reached the overfldevel, and isspilling out of

the test vessel.

The pressure transducer recordings of the trigger and resulting fuel-coolant interacgjive [6]
some clue as tthe state of the coarsaixing atthe time of triggering (2sec). The trigger is
initiated atabout 7.4 ms asdicated by the Krace Figure 14). The pressure wave travels past
the K1, K2, and K3 transducers beforex8. The fuel/coolant interaction appears to originate at
or above the K5 transducer. The resulexglosive pressure wave then travels back downward
until it reaches the bottom of the water (KO).

Calculated arrival time®r theinitial pressure wave at various transducers are indicated on the
plot by vertical dottedlines (labeledisl through ts5).These timesare based on an acoustic
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Figure 14 Post-Triggering Pressure Transducer Readings from KROTOS-26

velocity of 1476 m/second. These calculated passage tionesspondeasonably well to the
measured pressure waves for the K1, K2, and K3 transdutéey precedeonsiderably the
measured pressure waves for the K4 and K5 transdu&ensethe acoustic velocity isighly
sensitive tahe presence of gas in the systemmay beconcluded thalittle steam existed below
the level of the K3 transducer.

Since IFCI wasunable to deal withhe subcooling in the KROTOS experimentsinaplified
mixing geometry was created as tmiial condition for a detonation calculationFor this
calculation, thevater region waslivided intotwo sections. The region between the bottom of
the testsection and an elevation @669 m(containing gauges K1, K2, and K3) was assumed to
be 99.9% watér This is consistent witthe measured velocity of the pressure waviin
region. Between an elevation@B9 m and 1.12 rfcontaining gauges K4 and K5), a mixture of

2 A small amount of steam is added to water regions at the start of a calculation in order to enhance numerical
stability.
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2% melt,20% vapor, and 78% water was
assumed. The choice of volume fractions
was arbitrary, but in thesame range of 6
values computed for MAGICO-701 and

MIXA-6 experiments. The high-pressure
trigger used in the KROTOS-26 %
experiment was included the calculation. — 4
The results are shown in Figure 15. The®

responses of the K1, K2, and K3 gauges:y °
are approximately the same asthose
measured in thexperiment (Figure 14).
The K3 transducerbegins to respond

KT K2 K3

Pressu

S |

within 0.5 ms after thaitiation of the ! ;ﬁ,’f’
trigger. N - ‘ ]

0 05 1.0 1.6 2.0 2.5
The similarity between prediction and Time (ms)

measurement does not extend tortirang
zone inwhich the K4 and K5 transducerkigure 15 Predicted Response to the

are located. The K4 gauge respoodfy Detonation Trigger

slightly to the incoming pulseand the K5 gauge doest respond all (Figure 15). It is clear

that thetriggering pulse is predicted to diait inthe mixing zone. Additional calculations in

which a single cell isforced” to triggerfail to show either a pressure rise of tberrect
magnitude or any sign of propagation. This is due to the predicted condensation and compression
of steam in the mixing zone.

The fact that the KROTOS-2éxperiment wasuccessfullytriggered meansthat one of two
conditions must have existed in the experiment. Either the averagevsieam fractions was
significantly lower than 20 %, or there was a steam-free water zone adjacent to the location of
initial detonation. Since IFCI cannosuccessfully deal with substanteahounts of subcooling at

this time, the first of thes@ossibilities cannot beexamined. However, 20% steam is not
exceptionally large for saturated conditions where detonations also occur.

The secongbossibility involving awaterchannel is intriguing, anthere are aumber of features

in the detonation data that are consisteitiht such a configuration. First, the detonation wave is
downward propagating from the K5 transducer. The K4 transducer regiskeles/ad response

to the pressure pulse, but the detonation origin is clearly closer to the K5 transducer, since it is the
first to register the FCIThis suggests that thieiggering pulse passed the K4 transduasiich

had vapor in theicinity, and initiated a detonation ahaher elevation.Had the pulse passed
through a region with significantvapor fraction, it would havprobably damped out. The fact

that it was strong enough to initiate a detonation suggests that it traveled along a water channel.

The second feature that suggests a watannel ighe speed of the detonation wave. The transit

time of the shock between the K5 and the KO transduceappioximately0.8 ms.  This
compares to the calculated transiie of 0.67 ms. If there wersignificantamounts of vapor
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along the shock path, the transihe would probably benuch longer andhe peak pressures
would display significant damping.

Finally, awaterchannelcould explainthe response of the K4 transducer to the detonation. The
magnitude of the detonation wanexorded by K4 isnuch smallethat recorded by both K5 and
K3. Itis unlikelythat themagnitude of the detonation waspped at K4 and thencreased by
thetime that itarrived at K3. It is morékely that the detonation watkamped by anixing zone
adjacent to the transducer but not extending completely to the center of the test section.

If the waterchannel hypothesis ®rrect, it could have broadplicationsabout thephysics of
fuel coolant interactions. It would suggest that detonations propagate peripieery ofmixing
zones and penetratdiaite distance into the zone. The penetration distance wouldureizon
of the componentolume fractions athe periphery.Fuelnotlocatedwithin the penetration zone
would not participate in the detonationThis wouldaccount for thehermodynamignefficiency
of most FCI's.
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5. Single Droplet Oxidation Experiment

Nelson and Duda designed a series of experimentexaminethe physics oftriggering by
photographing the behavior of a single drop when a pressure wave of known strength passed over
the drop.[7, 8] In thesexperiments, a single droplet ofaterial was melted approximately

20 mm above a pool of water. The molthop wasthen released into the pool and allowed to

sink to a specifiedlepth. A pressure pulse was then generated dtotihem of the water pool

and the resulting interaction with the droplet wasorded with ahigh-speed movie camera.

From this, threshold triggering strength as a functiowaiér temperaturesystempressuremelt
temperature, and melt composition was determined.

The effects of oxidation on triggering wezeamined by varyinghe initial oxygencontent [9].

To better understand thienpact of oxidation on triggeringhe bubble growth around an
oxidizing irondroplet was photographed. Thabble sizevas measured and compared to the
bubble size of a non-oxidizing
droplet (FeQ@; in order to Table S
determine the extent of oxidatior

Initial Conditions and Results for the
Single Droplet Test

- ..
The results of this measureme .BroD:et El/lomposmon goeom
were reported imeference 10 ang-—oP e VasS 9
are summarized in Table 5. Initial Droplet Temperature 1800 K

Droplet Fall Velocity 0.58 m/sec
The IFCI code contains threeCoolant Composition water
parabolic-rate models for iron Coolant Bulk Temperature 208 K
oxidation. Equations  (5-1) Reaction Time 75 msec
[11,12,10] and (5-2) [13,12,10] % of Fe Reacted (assuming FeO reaction) 0.09

were developed by White. Equation (5-3) was developed by Baker [14,10].

w? =14010" t exp 90800/ RT) (5-1)
W’ = 2.4010% t exp( 84350/RT) (5-2)
w? = 2.4490010 t exp- 50000 RT) (5-3)

Parabolicrate equationgnply that theprimary limiting transportmechanism is oxygen diffusion
through the oxide created at thetersurface of thenaterial. In these equationgjs the weight
of oxygen consumed in mg-0/émaf oxidizingsurfacef is time insecondsR is theuniversal gas
constant (1.986 cal/mole-K), ar is the material temperature in K. They alsoimply an
isothermal condition and D Cartesian geometryThey have been appropriately modified for
the spherical geometry andariabletemperature of the moltdoel in IFCI. Provisions ar@lso
made in IFCI for oxidatiomatelimitationsdue to steamvailability and steam-hydrogen counter-
diffusion in the boundary layer.
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Figure 16 IFCI Oxidation Predictions

The IFCI predictions for the oxidatieexperimentare shown with the actual measurements in
Figure 16. The verticadxis on thisgraph is the percentage of the 500 mg idoap that is
oxidized. The horizontalxis isthe oxidation time. Predictions based upbthree correlations
are shown along with the measured oxidakwel at0.076 seconds (the diamond). Of the three
correlations, equation (5-Displaysthe best agreement wigkxperimental measureme(it 12%

vs. 0.09%). Equation (5-3) predia@pproximately twicghe measureme(®.16%). For both of
these cases, the oxidation rate is unaffected by the availability of steawmiiffusinen through the
oxide layer is the controlling factor.

The use of equation (5-2) produces an oxidation prediction thatabtoo large. In fact, the
first 0.07 seconds of the reaction is controlled byahailability of steam. It isonly after this
point that theoxide layer becomethe limiting factor. Use ofthis equation is therefore
discouraged.

While the agreement between IFCI and the data is encouragsiguitd be pointedut that a
larger class of oxidation problems hast beeraddressed. Specifically, above a certain
temperature, an oxidayer will not formuntil the outersurface of the droplet coossifficiently.
The problem is morelearly described by referring tbe iron/oxygen phask#agram (Figure 17).
The diagram showthat the temperature range ovdrich molten iron cagoexist with wustite is
from 1372C to 1424C. Between 142€ and 1597C, the oxidelayer will be FgO,. Above
1597C, an oxide layer wilhot form. Above this temperaturthe oxygenuptakewill be limited
by either oxygen diffusion ithe liquid iron or effects in the surrounding ghsbble. IFCI
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Figure 17 Iron/Oxygen Phase Diagram (Ref. 15)

accountonly for thegas-bubble effects ambbes not account fatiffusion withinthe liquid iron.
Although the diffusivity of the liquid iron is expected to be greater than that of the oxides, it is not
clear that the gas layer effects would truly be the limiting factor in the oxidation process.

Even if the gas layer effects are found to bdithieng factor in these types of circumstances, the
reliability of the oxidatiorwill remain less certaithan the cas&henthe oxidation is oxide-
limited. The gadayer dimensionsurrounding thduel droplet reflect thdack of any in-depth
studies of thdlow fields. Assuch, predictions of oxidation where timelt temperature exceeds
the maximum oxide temperature must be viewed as educated guesses.

The appropriateness of this concern to prototypic fuel-coolant reactions must be wittiged
respect to the melt source configuration. The maximum oxide temperatures of izme@mdm
are 1870 K and 2973 K. The melting temperature of urania is 3113 K. If either #iocoarum
are raised to the uranimelting temperature, then oxygen can 8missolved intothe metal
unrestricted by an oxide skin. Under these conditittressnodel comparison presentedtims
report would be inapplicable.
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6. Conclusions

It should benoted at the onset that all of tb&periments chosen for thialidation exercise are
integral in nature and, as such, cannot be used to validate isoladets withinthe IFCI code.
For example, one cannotexamine the melt breakup model by comparintpe MAGICO
experiments tahe MIXA experiments. The quantities measured in eapkrimeniaredifferent
and arethemselvesthe result ofmany physicaprocess. These processadudefilm boiling in
two-phase flows, particle drag in two-phase flows, and radiative heat transfer in heterogeneous
regions, among others. The differences between the MIXA and MAGICO experaresdtse to
differences inall of these processes a®ll asthe difference in meltoreakup. Using aset of
experimentsthat is progressively more complicated is, nonethelésdpful to the validation
process. Foexample, a critical examination pfedicted quantities such aelt front velocity is
helped by absence of particle breakup in the MAGICO experiment.

To date, the mognsightful exercise has bedne comparison between IFCI and the MIXA-6
experiment.While the exercise raisegveral questions, does indtate a very clear requirement:
inter-cell radiation must be added aay fuel/coolant interaction code iorder tohandle the
MIXA-6 experiment, orany experimenthat uses prototypic (i.ehigh temperature)melts.
Radiation transport from falling melt to the water pool can clearly induce steam generation.

The importance of inter-cell radiation is also demonstrably important to steam generation during
the coarse mixing process. Regions which become water-deficient become partially “transparent”,
and radiative heat transfer to water-rich regions will evolve. The net result willigbes steam
generation ratand a faster melt coolimgte. This will also have some effect dime calculated
impact of subcooling; subcooledter adjacent thot melt will be radiativelypreheated before it
comes into actual contaafth the melt. All of these effects will be most pronounced indhger

zone of the mixing region, where the melt-water ratios are more conducive to FCI’s.

There is a tendency for IFCI to underpredict the amoutirnefthat it takes thenelt to reach the
bottom of the testhamber. This was observedhoth the MAGICO-701 and KROTOS-26
experiments. Thifrait deserves some attentisimceone of the more common triggers appears
associated with this event. the melt arrival time isunderpredicted, the amount moklt present

at the time of triggering may also be underpredicted.

Studies presented in this paf@ppendix A) demonstratéhe connection betweemmerical
diffusion and early arrival times for single phase floWswever, the results of the MIXA4fvo-

phase calculations wenst assensitive to grid refinement agere thesingle-phase studies. One
possible explanation is that the drag correlations applied to the melt need improvement. IFCI uses
single-phaselrag correlations that areodifiedfor two-phasdlows in an ad-hoashionthat has

not been validated. More study is needed to determine if this improvisation has a significant effect
on themelt arrival time. Another possibility isthat themeshes must be refined evaore for
two-phaseflow than for single-phase flows.Further 1-Dcalculations with two-phas#ows,

similar to those already conducted forsingle-phase flows should shed some light on this
possibility.
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The oxidation model in IFC$uccessfullypredicted the results of a single-drop steel oxidation
experiment. Thefluence of numerical diffusion on this calculativas avoided bynodeling the
water as a single wateell. Calculations ofnore prototypical oxidation scenarios wiiiclude
particle breakup during coarsa@xing. Therefore, theoverall success of prototypical oxidation
predictions will depend on the accuracy of the coarse mixing models.

Attempts to modekhe mixing in the KROTOS-26 and KROTOS-2&periments have been
unsuccessful so far. The problem has been associated with a bad pressuretsaiutiencode
produces. The bad soluti@eems tooccur in certaincells in which smallamounts of vapor
coexist withhot fuel. The problem is moréely to arise wherthe problem containsignificant
subcooling. Further study is necessary to fully diagnose and solve the problem.

IFCI was used to examine the propagation of the triggering wave in the KROT&pezbnent.

A simplified 2-zonemixing configuration was used imhich the lower zone was occupisdlely

by water and the upper zone was occupied by a reasonable mixture of fuel, vapor, and water. The
propagation of the triggering pulse through the lower zonemglisnodeled byFCI. However

the triggering pulse was predicted de out inthe multiphasezone. This led to a closer
examination othe detonation data and tbenclusiorthat themixing zone inthe KROTOS-26 is
probablynot one-dimensional. This furthaccentuates the need fomaing calculation that can
examine this possibility.

The question of future directionaturallypresentstself at thispoint. A code such as IFCI must
perform as both aexperiment analysis toaind a predictive tool for prototypical accidents. The
experiment analysgwesented in this documearteillustrative ofthe first function. The process
of model assessment naturglisomotes a closscrutiny ofboth experimenidata andexperiment
design. It is frequently founthat a moreintimate knowledge othe physicsoperative in an
experiment is a byproduct dhe attempt tonodel the experiment. Thanalyses of the
MAGICO-701 and MIXA-6 experimentsaare examples of this. In facilitating &etter
understanding of existing experiments, IFCI may be helpful in designing future experiments.

In principle, IFCI should bable toextrapolate the current state of FCI knowledgeed from
small scale experiments to prototypical conditions. Sevoek will be required to debug the
“surface tracker” model, which enables IFCI to model melt jets having a diaredézr than the
cell width. This feature will probably be necessary for many prototypical scenarios.

While the potential of IFCI has been demonstratatiisidocument, it is cledhat the codenust

be improved. First, the numerical problems associated with subcooling must be sotded o
address both detonatiocexperiments and prototypic accident scenarid$ext, an inter-cell
radiation model must be addeddrder to correctly predict theteam generatiorate and the
correctsteam/water/fuel proportiong-inally, the subcoolingnodels should be assessed against
an experiment whicldoes notinvolve significantamounts of radiatiotransport. With these
improvements, IFCI has the potential oésolving the structure of coarseixing and
consequently, producing a greater understanding of propagating detonations.
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